The aim of this study was to explore the epidemiological and molecular characteristics of Streptococcus pyogenes in children from different cities in mainland China who were diagnosed with scarlet fever, impetigo and pharyngitis, as well as to detect asymptomatic carriers, between 2005 and 2008, and to compare the results with isolates from rural Chinese children with acute glomerulonephritis in 2005 and in the 1990s. Susceptibility tests to determine MICs and analysis of the presence of erythromycin-resistant genes (mefA, ermB and ermA) and emm gene typing were performed on 466 S. pyogenes isolates from Beijing, Shanghai, Chongqing and Shenzhen. Superantigen genes (speA and speC) were examined by performing PCR on isolates with the most prevalent emm genotype. All isolates were sensitive to penicillin, cefradine and ofloxacin. The highest rate of resistance was against clarithromycin (98.1 %), followed by erythromycin (97.6 %), azithromycin and clindamycin (both 97.2 %), and tetracycline (94.0 %). Among the 466 isolates, 421 (90.3 %) harboured the ermB gene, 145 (31.1 %) were speA-positive and 273 (58.6 %) were speC-positive. The speA gene was common in emm1.0 (88.8 %) and emm6.5 (83.3 %) genotypes. The speC gene was frequently observed in emm4.0 (90.0 %), emm12.0 (69.6 %), emm18.0 (66.7 %), emm22.0 (75.9 %) and emm80.0 (80.0 %) genotypes. The most prevalent emm genotypes in mainland China in recent years were emm1.0 and emm12.0. All isolates remained sensitive to b-lactams and quinolone.
INTRODUCTION
Streptococcus pyogenes, group A Streptococcus, is a common Gram-positive pathogen that causes a broad spectrum of diseases, including scarlet fever, pharyngitis, acute rheumatic fever, acute glomerulonephritis, sepsis, necrotizing fasciitis, meningitis and streptococcal toxic shock syndrome (Bahnan et al., 2011; Martin et al., 2011) . The use of antibiotics is effective in treating infections caused by S. pyogenes; however, resistance of isolates to antibiotics has gradually emerged. After the late 1990s, the prevalence of erythromycin-resistant S. pyogenes increased significantly in several European countries (Grivea et al., 2006 ). An unusual increase in invasive S. pyogenes diseases was observed in [2008] [2009] and was projected by an increase in incidences of scarlet fever (Czarkowski & Kondej, 2010; Lamden, 2011) . The type-specific M protein, encoded by the emm gene, is the surface protein of the cell wall and is an important virulence factor of S. pyogenes. Use of the emm gene sequence is an ideal method for typing of S. pyogenes. Superantigens are another important virulence factor of S. pyogenes. Combined with other typing methods, superantigen gene detection is useful for epidemiological purposes. The present study focused on the epidemiological and molecular characteristics of S. pyogenes strains isolated from children aged 3-14 years from mainland China who were diagnosed with scarlet fever, impetigo or pharyngitis, as well as those who were considered asymptomatic carriers, between 2005 and 2008 . These isolates were also compared with isolates obtained from rural Chinese children with acute glomerulonephritis in 2005 and with isolates from the 1990s.
METHODS
Clinical features of the carriers and children with pharyngitis, scarlet fever and impetigo. Carriers were a group of students aged 7-14 years who were healthy but were found to carry S. pyogenes in pharyngeal samples. In the children with pharyngitis, the most common features were fever, cervical adenitis, pharyngeal redness and exudates. Scarlet sandpaper rash, Pastia's sign, flushed face, circumoral pallor, strawberry tongue, sore throat and fever (38 uC or above) were the typical symptoms in the children with scarlet fever. There are two types of impetigo: bullous and non-bullous. Bullous impetigo is caused only by staphylococcal bacteria, whilst non-bullous impetigo is the more common form, caused by both Staphylococcus and Streptococcus. Red papules, blisters and pustules that scabbed over with a characteristic honey-coloured crust were the common features seen in the children with impetigo.
Strain collection. Between 2005 and 2008, 466 S. pyogenes clinical isolates were recovered from 5680 throat swabs and 1735 skin infections. These comprised 184 isolates from 1164 pharyngitis patients in Beijing (35.9 %), Shanghai (25.5 %), Shenzhen (16.3 %) and Chongqing (22.3 %); 85 isolates from 4087 carriers in Beijing (21.2 %) and Chongqing (78.8 %); 145 isolates from 429 scarlet fever patients in Beijing (46.9 %) and Shanghai (53.1 %); and 52 isolates from 1735 impetigo patients in Beijing (100 %).
Bacterial identification. Throat swabs obtained from outpatients and healthy children were inoculated onto 5 % defibrinated sheep's blood tryptone soy agar plates and incubated for 24 h at 37 uC in a thermostatic incubator with a 5 % CO 2 atmosphere. Preliminary identification of isolates as S. pyogenes was based on b-haemolysis on sheep's blood agar, colony morphological characteristics and the presence of group A antigen, and was confirmed using a diagnostic streptococcal grouping kit (Oxoid).
Antimicrobial susceptibility testing. Antimicrobial susceptibility testing was performed for nine antibiotics. The MICs of penicillin, cefradine, chloramphenicol, ofloxacin, tetracycline, erythromycin, clarithromycin, azithromycin and clindamycin (National Institute for the Control of Pharmaceutical and Biological Products) were determined using an agar dilution method in accordance with the recommendations of the Clinical and Laboratory Standards Institute (CLSI, 2006) on Mueller-Hinton agar supplemented with 5 % defibrinated sheep's blood. Streptococcus pneumoniae ATCC 49619 was used for quality control and was incubated for 18-24 h at 37 uC in parallel with each batch of experiments.
DNA extraction. Chromosomal DNA was acquired from freshly grown S. pyogenes using a Chelex-based DNA extraction kit (SBS Genetech).
Superantigen and erythromycin-resistance gene detection.
Molecular detection of the superantigen genes speA and speC and the erythromycin-resistant genes mefA, ermB and ermA in 466 isolates from Beijing, Shanghai, Chongqing and Shenzhen was performed using PCR as follows. The reaction mixture (25 ml) contained 1 ml 2 mM DNA template, 1 ml each primer (10 mM each; Shanghai Sangon Biological Engineering Technology and Services), 0.2 ml Taq DNA polymerase (5 U ml 21 ), 2 ml 2.5 mM dNTPs, 2.5 ml 106 Taq buffer (2.5 mM MgCl 2 plus; TaKaRa Biotechnology Co.), and 17.3 ml water. Amplification began with an initial denaturation step at 94 uC for 1 min, followed by 29 cycles of denaturation at 94 uC for 30 s, annealing of each primer pair at 54 uC for 30 s and extension at 72 uC for 30 s, with a final elongation step at 72 uC for 3 min.
The primers for speA and speC were designed by Professor A. N. Suvorov (Institute of Experimental Medicine, St Petersburg, Russia) and were as follows: speA forward: 59-ACCCCTCCGTAGAT-ACATGC-39; speA reverse: 59-TCGCAAGAGGTATTTGCTCA-39; speC forward: 59-GCAGGCGTAATTCCTCCATA-39; and speC reverse: 59-TGCAGGGTAAATTTTTCAACG-39. The primers for ermA, ermB and mefA have been described previously (Pérez-Trallero et al., 2007) . After amplification, 5 ml of the product was mixed with 1 ml loading buffer and separated by electrophoresis in a 1.5 % agarose gel containing GoldView Nucleic Acid Stain (Beijing SBS Genetech) for 30 min at 120 V in a 0.56 TBE buffer, and visualization and image acquisition were performed.
emm gene sequence typing. Determination of the emm gene sequence type was performed according to a protocol from the Centers for Disease Control and Prevention (Bahnan et al., 2011) . A sequence was considered to belong to a specific emm gene when the first 160 nt of the sequence exhibited ¢95 % sequence identity with that of the reference emm gene.
Statistical analysis. The SPSS 11.5 statistical package was used for all analyses. For x 2 tests, P,0.05 was considered significant.
RESULTS

emm genotype data
In the present survey, 19 different emm genotypes and subtypes were identified from among the 466 clinical S. pyogenes isolates. The different geographical distributions of the emm types and the proportion of diseases caused by the major emm types are shown in Table 1 .
Antimicrobial susceptibility testing results
All 466 S. pyogenes isolates were sensitive to penicillin, cefradine and ofloxacin. The highest rate of resistance was against clarithromycin (98.1 %), followed by erythromycin (97.6 %), azithromycin and clindamycin (both 97.2 %) and tetracycline (94.0 %). The geographical distribution of antibiotic resistance is shown in Table 2 . The relationship between the source of S. pyogenes and antibiotic resistance is shown in Table 3 . The percentages of resistance to erythromycin of the various isolates are shown in Table 4 .
Antimicrobial-resistant gene distributions
Among the 466 isolates, 421 (90.3 %) harboured the ermB gene and 24 (5.2 %) harboured the ermA gene, whereas the mefA gene was not expressed ( Superantigen gene (speA and speC) distribution
Of the 466 isolates, 145 (31.1 %) were positive for speA and 273 (58.6 %) were positive for speC. The speA gene was common in isolates with emm1.0 (88.8 %) and emm6.5 (83.3 %) genotypes and the speC gene was frequently observed in isolates with emm4.0 (90.0 %), emm12.0 (69.6 %), emm18.0 (66.7 %), emm22.0 (75.9 %) and emm80.0 (80.0 %) genotypes (Table 5) .
DISCUSSION
The present survey indicated that there were 19 various emm types in the four large cities studied in mainland China from 2005 to 2008. The most prevalent emm genotypes were emm1.0 and emm12.0. Compared with previous studies, the distribution of the current S. pyogenes emm genotypes was different from the 25 most common emm types contributing to all diseases in Asia (http://www. Results are shown as the total number (%) of isolates, the percentage of isolates resistant to erythromycin (R) and percentage of isolates carrying the resistance genes indicated for the various emm types.
Isolates from the four cities (n5466 strains) Guizhou isolates (n568 strains) 1990s isolates (n5137 strains) Generally, the emm type is considered the most important indicator of the invasiveness of S. pyogenes infection. Recently, emm types were found to be associated with certain superantigen profiles (Commons et al., 2008; MiyoshiAkiyama et al., 2003) . Most S. pyogenes superantigenencoding genes are associated with bacteriophages, a major driving force in the emergence and evolution of pathogenic strains by horizontal transfer and acquisition of virulence factors, particularly caused by temperate bacteriophages. Streptococcal bacteriophages encode virulence factors, such as superantigens, and can convert S. pyogenes in phage lysogenic conversion to a strain with increased virulence. The distribution of S. pyogenes emm types and superantigen gene profiles varies in different geographical areas. For instance, in Taiwan, isolates with the genotypes emm1.0, emm4.0 and emm12.0 were the leading causes of noninvasive diseases, whereas a few isolates with the genotype emm1.0 contained speC and speH genes, and a few isolates with the genotype emm12.0 contained speJ and smeZ (Lin et al., 2008) . In Spain, S. pyogenes isolates with the genotype emm1.0, associated with pharyngitis, possessed speA, speG and speJ genes but not speC, speH, speI or ssa genes (Rivera et al., 2006) . Furthermore, the distribution of emm genotypes and their superantigen gene profiles varied in a timedependent manner. Thus, the superantigen genes are assumed to have a direct effect on infection by S. pyogenes, and the relationship of these genes with the emm genotype is based on the correlation between emm genotype and the high-risk superantigen gene (Murakami et al., 2002) . In the present study, the percentages of isolates with the superantigen genes speA and speC were 30.5 and 57.2 %, respectively. Overall, 88.8 % of the isolates with the genotype emm1.0 harboured the speA gene, whereas 69.6 % of the isolates with the genotype emm12.0 harboured the speC gene. Thus, the present results, in agreement with previous reports, showed a high prevalence of the speA gene in strains with the genotype emm1.0, whereas the speC gene was frequently detected among strains with the genotype emm12.0 (Luca-Harari et al., 2008b).
In S. pyogenes, there are two main phenotypes of macrolide resistance: the M phenotype, mediated by the mef genes, which confer low-level resistance to 14-and 15-membered macrolides but not to 16-membered macrolides, lincosamides or streptogramin B; and the MLS B phenotype, mediated by the erm genes, which confer resistance to macrolides, lincosamides and streptogramin B antimicrobial agents. This latter phenotype can be constitutive, generally mediated by the ermB gene, or inducible, generally mediated by the ermA subclass TR (ermA) gene. Our isolates harboured mainly the macrolide resistance gene ermB (88.4 %) and showed the highest rate of resistance to the macrolides (.95.5 %). There was no apparent difference in the rate of resistance to the macrolides amongst the S. pyogenes isolates from the different diseases (P.0.05). However, the S. pyogenes isolates with the genotype emm4.0 (mainly harbouring the ermA gene) had the lowest rate of resistance to the macrolides (72.7 %). The genotypes emm1.0, emm6.5, emm12.0, emm18.0, emm22.0, emm80.0, emm102.2 and st1815, as well as other isolates (mainly harbouring the ermB gene), showed the highest rate of resistance to the macrolides (.96.5 %) and there was no apparent difference in the rate of resistance to macrolides amongst these S. pyogenes isolates (P.0.05). The erythromycin resistance rates of S. pyogenes from the four cities in mainland China (mean 97.6 %) were higher than those from the rural Chinese children ( P,0.01) . The number of genotype emm3.1 isolates with low macrolide resistance had decreased, whereas the number of the emm1.0 and emm12.0 isolates with high macrolide resistance had increased during this time. However, the number of high-macrolide-resistant genotype emm4.0 isolates (mainly harbouring the ermA gene) decreased during this time (Feng et al., 2010) . This phenomenon was also noted in Hong Kong, where the resistance rates of the macrolides also increased (25.6 versus 85.7 % for erythromycin, P,0.01). Isolates with the genotypes emm1.0, emm4.0 and emm12.0 were the most common during the mid-1990s. Ten years later, the moderately macrolideresistant strains of genotypes emm1.0 and emm12.0 remain unchanged, and the high macrolide-resistant strains of genotype emm4.0 increased in -2008 (Ho et al., 2003 . The residual main common emm genotypes of S. pyogenes in mainland China have high resistance to macrolides and mainly harbour the ermB gene, which may be the reason for the shift in emm types of S. pyogenes (Feng et al., 2010) . This high resistance may be related to the abuse of antibiotics (Zhang et al., 2008a, b) . Hence, the antibiotic resistance rates of S. pyogenes have also changed with geography and time period. However, some researchers considered correlations between strain distributions at multiple locations. Only the most common strains yielded enough data at multiple sites for statistically significant comparisons of temporal fluctuations in dominance. Shifts in antibiotic resistance profiles at specific sites appeared to be associated with strain replacement happening on larger scale, independent of antibiotic use at individual sites (Metzgar et al., 2010 In Hong Kong, the number of scarlet fever cases increased sharply. There were 235 cases of scarlet fever in 2008, which increased to its highest number of cases at 564 in 2011. Two children died: one from infection with an M1 S. pyogenes isolate and the other from M2 S. pyogenes infection. M1 and M12 S. pyogenes isolates were the main common strain types (Hsieh & Huang, 2011) . This is in contrast to the cases in Spain and Australia, where the common strain type was genotype emm3.0 S. pyogenes (Feeney et al., 2005; Tamayo et al., 2010) . However, the cases in Hong Kong were similar to the prevalent S. pyogenes isolates causing scarlet fever in mainland China during 2005 and 2008 (genotypes emm1.0 and emm12.0). The S. pyogenes isolates from mainland China had the highest antibiotic resistance to macrolides (.95 %) and virulence (harbouring speA and speC genes). The importance of the emm1.0 and emm12.0 genotype S. pyogenes isolates had been observed previously (Chang et al., 2010 (Chang et al., , 2011 Liang et al., 2008; Liu et al., 2009) . Thus, the rise in scarlet fever cases in Hong Kong was inferred to be a logical phenomenon.
The genotype emm1.0 and emm12.0 strains distributed among the samples from children with scarlet fever, impetigo and pharyngitis and from asymptomatic carriers in children from mainland China, and the percentages of S. pyogenes from asymptomatic carriers resistant to macrolides and tetracycline were the same as the isolates from children with scarlet fever, impetigo and pharyngitis and from asymptomatic carriers. The genotype emm1.0 and emm12.0 strains were prevalent in invasive and noninvasive diseases (Luca-Harari et al., 2008b) . Genetic mutation was the major culprit for the outbreak of S. pyogenes infection. Hence, long-term surveillance studies combined with emm gene sequence typing, antibiotic resistance and superantigen gene analyses are needed to understand the natural history and epidemic virulence of group A Streptococcus infections.
